Rapidity-odd directed flow in heavy ion collisions can originate from two very distinct sources in the collision dynamics i. an initial tilt of the fireball in the reaction plane that generates directed flow of the constituents independent of their charges, and ii. the Lorentz force due to the strong primordial electromagnetic field that drives the flow in opposite directions for constituents carrying unlike sign charges. We study the directed flow of open charm mesons D 0 and D 0 in the presence of both these sources of directed flow. The drag from the tilted matter dominates over the Lorentz force resulting in same sign flow for both D 0 and D 0 , albeit of different magnitudes. Their average directed flow is about ten times larger than their difference. This charge splitting in the directed flow is a sensitive probe of the electrical conductivity of the produced medium. We further study their beam energy dependence; while the average directed flow shows a decreasing trend, the charge splitting remains flat from √ sNN = 60 GeV to 5 TeV.
A strongly interacting medium is expected to be formed in relativistic heavy ion collisions. Transport coefficients of the dense matter are one of the foremost indicators of the nature of the relevant degrees of freedom that constitute this medium. Shear and bulk viscosities which are the transport coefficients corresponding to the energy momentum tensor has been extensively studied and extracted from data leading to considerable understanding of the nature of the strongly interacting quark gluon plasma that is expected to be created in these collisions [1] . The electric conductivity σ is the transport coefficient corresponding to the electric charge. An estimate of σ in heavy-ion collisions will further add to our understanding of the medium properties of hot and dense QCD matter [2, 3] . Further, in the light of attempts to calibrate the magnitude and temporal dependence of the electromagnetic (EM) field produced in heavy-ion collisions [4] and its phenomenological consequences like the chiral magnetic effect [5] , the knowledge of σ is of utmost importance.
Heavy quarks (HQs) by virtue of being several times more massive than the highest ambient temperatures achieved in a collision are expected to be produced only in primordial collisions. Thus, they serve as excellent probes that witness the spacetime evolution of the fireball [6] . Charged HQs are formed early and their deflection by the Lorentz force probes the EM fields at the very early stage of the collision. In the following as heavy quarks we study specifically charm and anticharm quarks, observed in the final state in open charm mesons D 0 and D 0 . The initial state of a non-central heavy-ion collision is expected to break the forward-backward symmetry by a tilt of the fireball away from the beam axis [7] [8] [9] [10] [11] [12] . This is confirmed by the observation of rapidity-odd directed flow v 1 of charged particles [13] [14] [15] [16] . On the other hand, HQs which are produced according to the profile of the binary collision sources are distributed symmetrically in the the forward-backward direction. At nonzero rapidities it results in a shift of the HQ production points from the tilted bulk. Recently, within the framework of Langevin dynamics coupled to a hydrodynamic background, it has been shown that this difference between the bulk matter and the HQ production points can lead to HQ v 1 that is of same sign as the bulk but several times larger [17] . Similar trends are also expected from a transport model approach [18] . Such large HQ v 1 compared to the charged particle v 1 is a clear signature of the tilt of initial source.
A rapidity-odd v 1 can also arise due to the presence of EM field [19, 20] . However, unlike the v 1 sourced by the expansion of the tilted fireball which is of same sign for both D 0 and D 0 [17] , the Lorentz force experienced by charm and anti-charm quarks being in opposite direction, the resulting v 1 is of opposite sign for D 0 and D 0 [20] . In this work, we calculate the directed flow coefficient v 1 of D 0 and D 0 mesons under the combined influence of the drag from the tilted source and the EM fields.
The forward-backward asymmetry of the initial fireball can originate from an asymmetric deposition of entropy from forward and backward going participants [10, 21, 22] . Such an ansatz in which a participant is postulated to deposit entropy preferably along its direction of motion, has been successful is describing the observed charged particle directed flow [11] .
The initial density s τ 0 , x, y, η || in the Glauber model with asymmetric entropy deposition can be written as [11] 
where N + part and N − part are the densities of participant sources from the forward and backward going nuclei respectively evaluated at (x, y) and N coll is the density of binary collisions. τ = √ t 2 − z 2 is the proper time and η || = 1 2 log (t+z) (t−z) is the spacetime rapidity. τ 0 is the proper time when the HQ starts to interact with the bulk and also the initial proper time to start the hydrodynamic evolution. In principle these time scales could be different and there have been previous studies on the preequilibrium dynamics of the HQ [23] . However, in this first study of the combined effect of drag and EM field, we work with the simple ansatz that the HQ interaction with the medium starts at the same time as the hydrodynamic expansion of the bulk. f η || is the rapidity-even profile
while the tilt is introduced via the factors f +,− η ||
with f − η || = f + −η || . A suitable choice for s 0 , η 0 || , α and σ η are made to reproduce the charged particle distribution in pseudorapidity at different centralities. Finally, η T is adjusted to reproduce the observed rapidity-odd directed flow of charged particles.
All our results are for the 0 − 80% centrality bin. This corresponds to a choice of impact parameter, b = 8.3 fm within our optical Glauber model approach to obtain the initial condition. The (3 + 1)-dimensional relativistic hydrodynamic evolution are carried out by the publicly available vHLLE code [24] . The freezeout hypersurface is assumed to be at a constant temperature T = 150 MeV, where statistical emission of hadrons happens [25] . Details of the model and parameters of the hydrodynamic model used at the Brookhaven Relativistic Heavy Ion Collider (RHIC) and at the CERN Large Hadron Collider (LHC) energies can be found in [26] .
The full spacetime history of the flow velocity and T fields obtained from the hydrodynamic evolution are fed as input to the Langevin dynamics of the HQs
where F EM refers to the Lorentz force due to the EM field. The updates of the position and momentum vectors of the HQ in time interval ∆t are denoted by ∆r and ∆p respectively. Here i = x, y and z are the three Cartesian coordinate components. The initial position coordinates are sampled from the binary collision profile while the momenta are generated from p+p events of PYTHIA [27] . The HQ interaction with the medium is encoded in the drag γ and diffusion D coefficients. ρ i satisfy ρ i = 0 and ρ i ρ j = δ ij which is realized by randomly sampling from a normal distribution at every time step. In order to ensure the approach to the correct long time limit of the equilibrium Boltzmann-Juttner distribution, we take D = γET for a HQ with mass m and energy E = p 2 + m 2 and adopt the post-point realization of the stochastic term [28] . The HQ momentum and the EM field are boosted to the local rest frame of the fluid after which the Langevin updates are performed followed by the HQ momentum being reverted back to the lab frame. At the end of the Langevin evolution D 0 and D 0 mesons are produced following the Peterson fragmentation of HQs [29] .
The Lorentz force F EM is given by,
where E and B are the electric and magnetic fields respectively induced by the protons in the colliding nuclei as well as the backreaction of the fireball with conductivity σ. The larger the value of σ the longer is the lifetime of the EM fields. The symmetry of the problem is such that the only relevant components for the computation of the directed flow are B y and E x . The calculation of the time dependent EM field follows Refs. [19, 30] . We take only the contribution of the spectator protons to the EM fields and use a constant σ. The important thing to note is that the additional factor of p/E ∼ 0.3 makes the magnetic force smaller compared to the electric force which makes the slope of the D 0 meson v 1 larger than D 0 . To study the dependence on the initial time we vary τ 0 between 0.2 fm to 0.6 fm. Several lattice QCD computations suggest σ ∼ 0.023 fm −1 around 2T c [3] . We vary σ in the range 0.011 -0.035 fm −1 . The appropriate γ for HQ is far from settled [31] . We work with a simple ansatz of γ ∝ T (T /m)
x . In Ref. [17] , it was shown that one gets a good qualitative description of the p T dependence of R AA and v 2 at mid-rapidity with a choice of x between 0 to 0.5. Hence, we implement these two extreme choices for γ, γ ∝ T (large drag) and γ ∝ T 1.5 (small drag). In Fig. 1 is shown the v 1 of D 0 and D 0 mesons resulting from the dynamics including the combined influence of the drag by matter in the tilted fireball as well as by the Lorentz force. The harmonic flow coefficient v 1 is obtained as follows
where φ is the D azimuthal angle, Ψ 1 is the reaction plane of the event and .. represents an ensemble average over realizations of the Langevin evolution. In our calculation the reaction plane is well defined by the geometry of the event, in experiment it can be reconstructed from the spectators. We use the same definition of the reaction plane as in experimental analyzes [14, 15] ; the nucleus flying in the positive η direction is located at positive x. Note that it is the reverse of the orientation used in Ref. [19] . In terms of the average v 
the drag by the tilted fireball alone is expected to give rise to a non-zero v avg 1
and no v diff 1 [17] . On the other hand, the EM force alone can only give rise to v diff 1 and zero v avg 1 [20] . The combined effect due to both gives rise to both v of the slope at midrapidity dv diff 1 /dη raises by 400% for τ 0 = 0.6fm/c and by 25% for τ 0 = 0.2fm/c. Thus, our results show the possibility to extract σ of QCD matter with the observation of the charge splitting at midrapidity dv diff 1 /dη . Also, a smaller τ 0 consistently yields a larger dv diff 1 /dη . This is because, with increasing σ and/or decreasing τ 0 , the Lorentz force acts for a longer time on the HQs resulting in increasing v diff 1 . At very early times (τ 0.2 fm), the trend of the E field is quite different [20] which might lead to reduction of the charge splitting. This could be relevant within a framework that takes into account preequilibrium dynamics of the HQs. Fig. 2 (b) shows the variation of dv avg 1 /dη with τ 0 . dv avg 1 /dη is around ten times larger than dv diff 1 /dη . As τ 0 is raised from 0.2 to 0.6 fm/c, dv avg 1 /dη falls by about 20%. The average directed flow of charm quarks dv avg 1 /dη is built up in the early phase, lowering τ 0 increases the interaction of the HQ with the dense medium. There is no significant dependence of dv avg 1 /dη on the electric conductivity σ, as expected. dv avg 1 /dη is most sensitive to the choice of tilt angle in the initial state which was studied in Ref. [17] .
The dependence of the D meson directed flow on the collision energy √ s NN is shown for σ = 0.023 fm −1 and τ 0 = 0.6 fm. The dependence of the charge splitting of D meson directed flow dv diff 1 /dη on collision energy is mostly flat (Fig. 3 (a) ). In Fig. 3 (b) is plotted the slope of the average v 1 of D 0 and D 0 , dv avg 1 /dη versus √ s NN . The experimental data for the measured charged particle v 1 slope is also shown for comparison [14, 15] . This data serves to constrain the parameters of hydrodynamic calculation, and is reasonably well described by the model. Fig. 4 shows the collision energy dependence of the ratio of dv avg 1 /dη for D mesons to the value for charged particles. While as seen in Fig. 3 (b) , both the numerator and denominator show a decreasing trend with √ s NN due to a reduction of the tilt angle, we find that the decrease of the heavy flavor v 1 slope is smaller compared to that of the bulk resulting in the increasing trend for their ratio in Fig. 4 . This increasing ratio stems from the fact that with increasing √ s NN , the fireball is denser that calls for stronger drag by the bulk on the HQ and hence a relatively larger v 1 of the final D mesons at LHC energies. HQs serve as good probes of the initial condition in heavy-ion collisions by virtue of being produced only in the initial state. We study the combined effects of two initial phenomena on the flow pattern of HQs, the drag from the expanding tilted fireball and the large EM field in the early stage of the collision. Both of these give rise to HQ directed flow. While the charge independent drag by the matter in the fireball gives rise to the same v 1 as function of √ sNN. The measured charged particle v1 slope at midrapidity [14, 15] Also a smaller γ reduces the opacity of the tilted source and hence again raises dv diff 1 /dη. A smaller initial time τ 0 for the formation of the fireball means that HQ feel the drag of the opaque, dense matter in fireball for a longer time.
The energy dependence of the observed phenomena stems from three main effects. A decrease of the fireball tilt with energy, resulting in a decrease of the directed flow for both charged particles and D mesons. An increase of the fireball temperature, which makes the fireball more opaque to HQ. This effect counterbalances to some extent the first one for D mesons. When going from RHIC to LHC the average directed flow of D mesons is reduced less than that of charged particles. The third effect, taken into account in our calculation, is the energy dependence of the dynamics of the EM fields in the collision. The resulting directed flow splitting for D 0 and D 0 is found to have an almost a flat dependence on √ s NN .
